This study characterizes natural black, blue, dark green, light green and pink tourmalines from granitic pegmatites of the Mata Azul Pegmatitic Field in central Brazil. The differences were assessed by applying electron-microprobe analysis as well as Mössbauer and optical spectroscopies. Mineral chemistry data show an increasing Mn/(Mn + Fe) atomic ratio as follows: black (0.01-0.02), blue (0.04-0.05), dark green (0.09-0.21), light green (0.33-0.42) and pink (0.68-1.00). The Mössbauer spectroscopy results show the presence of Fe 2+ (doublets with isomer shift (δ): 1.04-1.15 mm/s) for the black, blue, light green and dark green tourmalines. Fe 2+ is found in three different environments that are identified by quadrupole splitting (Δ) of 2.38-2.49 mm/s for the first, Δ = 2.13-2.34 mm/s for the second, and Δ = 1.54-1.71 mm/s for the third. The black sample spectrum has an additional fourth doublet (δ = 0.78 mm/s, Δ = 1.22 mm/s) that is assigned to an electron delocalization between Fe 2+ and Fe
.
In the studied samples, the black color results most likely from high absorbance in all the visible spectra caused by Fe Keywords: mineral color, tourmaline, electron microprobe, Mössbauer spectroscopy, optical spectroscopy Received: 28 September, 2017; accepted: 1 June, 2018; handling editor: J. Cempírek The online version of this article (doi: 10.3190/jgeosci.258) contains supplementary electronic material. et al. 2004) . Therefore, full chemical and spectroscopic characterization of tourmalines is essential in order to determine the cause of their color; this has been topic of many studies (e.g., Castañeda 2002; Krambrock et al. 2002 Krambrock et al. , 2004 Liu et al. 2011; Taran et al. 2015; Maneewong et al. 2016) .
In this paper, we present a study on causes of color in tourmalines from the Mata Azul Pegmatitic Field, Tocantins and Goias, central Brazil (Queiroz 2016, Queiroz and Botelho in print) . We performed chemical and spectroscopic characterization of the tourmalines using electron-microprobe analysis (EMPA) optical spectroscopy in ultraviolet-visible range (UV-VIS) and Mössbauer spectroscopy, which are all well-established techniques in tourmaline color characterization. This is the first advanced multi-analytical study on tourmalines from the Mata Azul region, an important artisanal mining district in Brazil in the 1980s.
Introduction
Tourmaline-supergroup minerals are borosilicates with a complex structure where a large variety of chemical elements can be incorporated by simple or coupled substitutions. For this reason, tourmalines feature a wide range of colors and are frequently used as a gemstone. (Henry et al. 2011; Henry and Dutrow 2012) .
The color of tourmaline-supergroup minerals is influenced mainly by amount of transition metal cations and their distribution between the Y and Z sites, in some cases also by the presence of electron or hole traps (Krambrock
Geological setting
The Mata Azul Pegmatitic Field (central Brazil) (Queiroz 2016, Queiroz and Botelho in print) is located in the extensive Northern Brasília Fold Belt (Dardenne 2000; de Almeida et al. 1981) , which is part of the Neoproterozoic Tocatins Province. This is a major orogenic system built by the Araguaia, Paraguaia and Brasília belts formed due to the collision of the Amazon Craton, the São Francisco Craton and the Paranapanema Block (Valeriano et al. 2004) .
The Mata Azul Pegmatitic Field was defined by Queiroz (2016) , who distinguished and characterized in detail barren pegmatites, beryl-bearing pegmatites and tourmaline-bearing pegmatites, typically with exposures ranging from tens to hundreds of square meters. Based on the Černý and Ercit (2005) classification, both the beryl-and the tourmaline-bearing pegmatites belong to the rare-element (REL) class and the REL-Li subclass of granitic pegmatites; most of the pegmatites once explored for tourmaline in this region belong to the complex type and classify as elbaite-subtype pegmatites, and most of those explored for beryl belong to the beryl type, berylcolumbite-phosphate subtype. Their source is considered to be the Mata Azul granitic Suite. They are intrusive in the metasedimentary rocks of the Serra da Mesa Group and the Ticunzal Fm. as well as in the peraluminous granites of the Aurumina Suite (Queiroz 2016; Queiroz and Botelho 2017, in print;  Fig. 1 ). The Ticunzal Fm. and the Aurumina Suite are part of the basement of the Northern Brasília Belt external zone.
The Ticunzal Fm. is dominated by paragneisses and mica-graphite schists, with mineral assemblages indicating retrograde metamorphism under greenschist-facies conditions, and also presents tourmaline schists, minor quartzites and rare metaconglomerates. The Aurumina Suite is composed of peraluminous granites, tonalities/ granodiorites with mineral assemblage of magmatic muscovite ± biotite ± garnet and discrete xenocrystic graphite lamellae. These granitic rocks are intrusive in the Ticunzal Fm. and have U-Pb ages on zircon between 2.11 and 2.16 Ga (Alvarenga et al. 2007; Cuadros et al. 2017a, b) .
The Serra da Mesa Group has been interpreted as a metamorphosed marine sequence where sediments were deposited in a silicic-carbonate platform (Marques 2009 ) between 1.57 and 1.47 Ga (Dardenne 2000) .
The Mata Azul Suite is composed of granites containing quartz, perthitic microcline, oligoclase, muscovite, biotite, tourmaline, beryl, garnet and tantalite and posttectonic pegmatites (Lacerda Filho et al. 1999; Polo and Diener 2013) . Some leucogranites in this unit were classified by Queiroz (2016) as peraluminous with geochemical signatures typical of LCT granites and pegmatites, following Černý (1990, 1991) . Recently, Queiroz and Botelho (in print) reported U-Pb ages on monazite of 519.9 ± 2.8 Ma in a pegmatite which was related to this unit.
Materials and methods

Samples
The tourmaline crystals were acquired from the mineralogical collection at the Institute of Geosciences of the University of Brasília. The samples are from central Brazil, in an area recently defined as the Mata Azul Pegmatitic Field by Queiroz (2016) , where in the past, some pegmatites were intensely explored and produced gemstone varieties of tourmaline and beryl. However, there is no further information about the exact sampling location.
Five different types of tourmaline samples were studied: • MA5: black tourmaline, • MA5G: blue tourmalines, • MA1G: dark green tourmalines, • MA0: light green tourmalines, • MA8: pink tourmalines.
Thin sections were made of one sample from each group. Each section was coated with a 25 nm-thick carbon film for electron microprobe analysis.
Several tourmaline crystals from each group were finely ground together using an agate mortar and pestle, with the exception of MA5 for which only one crystal was used. The powder material was then used for Möss-bauer and UV-VIS spectroscopy analyses.
electron-microprobe analyses
The chemical composition of tourmalines was analyzed with a JEOL JXA-8230 electron microprobe at the Electron Microprobe Laboratory in the Institute of Geosciences of the University of Brasília, with wavelengthdispersive spectrometer system operating at an accelerating potential of 15 kV and a beam current of 10 -8 A. The samples were analyzed using the following standards: albite (Na), forsterite (Mg), topaz (F), anorthite (Al), microcline (Si, K), andradite (Ca, Fe), vanadinite (Cl, V), pyrophanite (Ti, Mn), Cr 2 O 3 (Cr) and ZnO (Zn). The detection limits were up to 0.01 wt. % for Cl; 0.01 wt. % for Na, Mg, Al, Si, Ca, K, Fe and V; 0.02 wt. % for Zn; 0.01-0.02 wt. % for Mn and F, 0.01-0.03 wt. % for Cr and 0.02-0.05 wt. % for Ti. The mineral formulae were calculated based on 31 anions (O, OH, F), assuming B = 3 apfu (atoms per formula unit), (OH + F) = 4 apfu and Li = 15 − (T + Z + Y) using the Excel™ worksheet of Tindle et al. (2002) . Finally, all formulae were classified according to the rules of Henry et al. (2011) . 
Mössbauer spectroscopy
Mössbauer spectra were acquired at room temperature (298 K) using a conventional spectrometer system with a 57 Co/Rh source providing an activity of 95 mCi at the Nuclear Technology Development Center (CDTN), Minas Gerais, Brazil. Analytical data were recorded in a multichannel analyzer using 1024 channels for the variable velocity range. The run-times were often 1-2 days; however, one week was used for the sample with the lowest Fe content. The isomer shifts and the velocity scale were calibrated against α-Fe foil at room temperature.
Optical spectroscopy in ultraviolet-visible range (uv-vIS)
The UV-VIS optical absorption spectra of the powder samples were obtained in the spectral range of 200-800 nm (50000-12500 cm -1 ) using a UV 3600 Shimadzu spectrometer at the Department of Physics of the Federal University of Minas Gerais.
Results
electron-microprobe analyses
The compositions of tourmaline samples are slightly heterogeneous in terms of both X-and Y-site occupancies (Fig. 2) . All tourmalines belong to the alkali group with X-site dominated by Na, except two outlying points (Fig. 2a) . The amount of X-site vacancy decreases from black, through green to blue tourmalines; the pink tourmaline has high contents of Ca as well as elevated amount of X-site vacancy (Fig. 2a) tional among fluor-elbaite (Fig. 2b) , elbaite ( Fig. 2c) is dominated by F in all samples except the W OH-dominated black tourmaline with low F (0.06-0.27 wt. %) and one point of pink tourmaline. All samples show high Al contents (6.72-7.73 apfu). The representative analyses are shown in Tab. 1. The complete set of analyses is attached (Electronic Supplementary Material).
Following Henry et al. (2011) , the black crystal varies between the schorl (Fig. 2c) and foitite species, the blue, dark green and light green tourmalines are classified as fluor-elbaite (Fig. 2b) , and the pink tourmaline is transi- Table 2 summarizes ranges of contents of main chromophore transition metals found in the analyzed samples. The FeO content decreases in the following order: black (13.85-14.26 wt. %), blue (7.94-8.73 wt. %), dark green (3.78-6.02 wt. %), light green (1.67-1.91 wt. %), and pink (up to 0.05 wt. %).
The light green sample has the highest MnO content (0.88-1.18 wt. %), followed by dark green (0.57-1.00 wt. %), pink (0.11-0.59 wt. %), blue (0.31-0.44 wt. %) and black (0.13-0.27 wt. %). However, the only sample with greater MnO contents than those of FeO is the pink fluor-elbaite, which has the highest Mn/(Mn + Fe) atomic ratio (0.68-1.00), followed by the light green (0.33-0.42), dark green (0.9-0.21), blue (0.04-0.05) and black (0.01-0.02) samples.
The dark green sample has the highest TiO 2 content (0.12-0.36 wt. %), followed by the light green (up to 0.3 wt. %), black (0.12-0.25 wt. %), blue (up to 0.15 wt. %) and pink samples (up to 0.06 wt. %).
All the studied tourmalines show low contents of V 2 O 3 (up to 0.05 wt. %) and Cr 2 O 3 (up to 0.08 wt. %) or values below the detection limit of 0.01 wt. % for V 2 O 3 and 0.01-0.03 wt. % for Cr 2 O 3.
Mössbauer spectroscopy
The studied powder samples generated well-defined asymmetric doublet-shaped spectra (Fig. 3a-d ), fitted with 3 or 4 doublets. The exception was the pink sample, from which it was not possible to acquire a spectrum, due to its very low iron content.
The hyperfine parameters for the analyzed tourmalines are listed in Tab. 3. All fitted spectra provide three similar doublets, with the exception of the third doublet of blue tourmalines (isomer shift, δ = 1.06 mm/s and quadrupole splitting, Δ = 1.28 mm/s). The first common doublet has an δ varying between 1.04 and 1.1 mm/s, and a Δ between 2.38 and 2.49 mm/s, the second yielded δ of 1.08-1.15 mm/s and Δ of 2.13-2.34 mm/s and the third gave δ of 1.07-1.13 mm/s, and Δ of 1.54-1.71 mm/s. Additionally, the spectrum from the black sample features a fourth different doublet with δ = 0.78 mm/s and Δ = 1.22 mm/s. 
Optical spectroscopy (uv-vIS)
The optical spectra of all the powdered tourmalines show intense UV absorption edges (Figs 4-5) .
The spectrum of the black tourmaline shows a very high absorbance in the entire visible region. Prominent bands at c. 780 nm, 730 nm, 670 nm as well as smaller bands at c. 550 nm and 430 nm were observed (Fig. 4) . The spectrum of blue tourmalines displays bands at c. 730 nm and 670 nm as well as very weak bands at 550 nm and 430 nm (Fig. 4) . The spectrum of pink tourmalines (Fig. 4) yielded absorption bands at c. 395 nm, 460 nm and 512 nm.
The spectra of light green and dark green tourmalines (Fig. 5) feature two main common absorption bands: at c. 430 nm and c. 730 nm that are more intense in the latter sample. Additionally, there is a band at 320 nm in the light green spectrum overlapping partly with its UV absorption edge.
Discussion
As the studied tourmaline crystals have very low contents of V 2 O 3 and Cr 2 O 3 (up to 0.08 wt. %), the main transition metals that could contribute to the color origin are Fe, Mn and Ti.
The decreasing FeO content can be related to the colors in the following order: black, blue, dark green and light green. Because the pink sample shows the highest Mn-Fe fractionation, and the lowest FeO and TiO 2 contents (with only amounts of the order 0.0X wt. %), the transitions related to the Fe and Ti are expected to have very low intensities, and the Mn is considered to be the main transition metal of this color.
Regarding the Mössbauer spectroscopy results (Tab. 3), the three doublets from dark green and light green tourmaline spectra were ascribed to Fe 2+ at Y site with different nearest-neighbor coordination environments (following Dyar et al. 1998; Pieczka et al. 1998; Castañeda et al. 2006b; Andreozzi et al. 2008 ). This interpretation agrees with various structure refinement studies performed on Li-bearing tourmalines which showed that the Z site is typically fully populated by Al (e.g., Bosi et al. 2013; Ertl et al. 2013 ).
The Mössbauer spectra are mutually well comparable except for two doublets in black (δ = 0.78 mm/s and Δ = 1.22 mm/s) and blue (δ = 1.06 mm/s and Δ = 1.28 mm/s) tourmalines with rather low values of quadrupole splitting Δ (Tab. 3). Doublets similar to the former have been commonly related to electron delocalization and they have been mainly ascribed to Fe 2.5+ , i.e. intervalence charge transfer (IVCT) interactions, at least partly, between Fe
2+
and Fe 3+ ions located in adjacent sites (e.g., Saegusa et al. 1979; Kraczka and Pieczka 2001; Andreozzi et al. 2008; Filip et al. 2012) . Therefore, we relate the fourth doublet of the black tourmaline spectrum to Fe 2+ -Fe 3+ IVCT. On the other hand, the third doublet in the blue tourmaline spectrum could represent either Fe 2.5+ or Fe 2+ at the Z site; neither of these assignments matches well with the ranges listed in the comprehensive study of Andreozzi et al. (2008) . However, it most likely represents Fe 2.5+ at the Y adjacent sites, with regard to the study of Watenphul et al. (2017) who showed that especially in the elbaite structure, Fe 2+ has a very small tendency for disorder over the Y and Z sites. Some studies (e.g. Pieczka et al. 1998 ) also assigned doublets with low quadrupole splitting values (down to about 1.2 mm/s) to the presence of Fe 2+ at Y site. In any case, the doublet δ and Δ values are anomalous and cannot be unequivocally interpreted based solely on the Mössbauer data.
Based on the literature data (Taran et al. 2015) , the intense UV absorption edge shown in all our optical spectra could originate from some electronic charge-transfer transitions of the ligand-to-metal type. However, it is not possible to decipher which cation is involved in this process as all samples show the same feature.
The absorbance of the spectra in the 730 nm region correlates positively with the FeO contents determined by the EMPA as they increased in the same order: light green, dark green, blue and black. Bands in this region are often related to Fe 2+ (e.g., Mattson and Rossman 1987; Castañeda et al. 2006b ). Therefore, in accordance with the our results of Mössbauer spectroscopy that indicate the presence of ferrous iron in all these samples, the bands at c. 730 nm and 670 nm (Tab. 4) are assigned to d-d electronic transitions of Fe 2+ . A Fe 2+ -Fe 3+ IVCT is considered to be the cause of the absorption at 780 nm in the optical spectra of the black tourmaline based on the Mössbauer spectroscopy results.
The band at 430 nm that is prominent in the optical spectra of the dark green and light green tourmalines, is assigned to Fe 2+ -Ti 4+ IVCT following Rossman and Mattson (1986) , Mattson and Rossman (1988) and Rossman (2014) . This assignment is corroborated by the chemical data, since the FeO and TiO 2 contents are greater in the dark green sample than in the light green one, similarly to the intensity of this band (Fig. 5, Tab. 4) . In addition, band near 320 nm is assigned to the Mn 2+ -Ti 4+ charge transfer (Rossman and Mattson 1986) , considering that the light green tourmaline has the greatest MnO content among all the tourmaline varieties studied here (Tab. 4).
Absorption bands at c. 395 nm and 512 nm were already assigned in previous pink tourmaline studies to d-d transitions of Mn 3+ at the Y sites (e.g., Liu et al. 2011; Maneewong et al. 2016) , and bands at c. 460 and 520 nm were related to transitions of Mn 2+ in magnetically non-equivalent sites (Castañeda et al. 2006a ). The pink color in tourmalines could also result from intervalence charge transfer between Mn 2+ and Mn 3+ (see review of Pezzotta and Laurs 2011). Thus, it is still possible that some of the bands encountered in the pink spectra could span from Mn 2+ -Mn 3+ IVCT.
A band at 550 nm, found in blue and black tourmaline spectra, is also related to the transitions of Mn cations.
Conclusions
Tourmalines from the Mata Azul Pegmatitic Field, central Brazil, with different colors were characterized using electron-microprobe analyses, Mössbauer spectroscopy and ultraviolet-visible range (UV-VIS) optical spectroscopy. The following conclusions were obtained: 
